The demand on biologics has been constantly rising over the past decades and has become crucial in modern medicine. Promising approaches to cope with widespread diseases like cancer and diabetes are gene therapy, plasmid DNA, virus-like particles, and exosomes. Due to progress that has been made in upstream processing (USP), difficulties arise in downstream processing and demand for innovative solutions. This work focuses on the integration of precipitation using a quality by design (QbD) approach for process development. Selective precipitation is achieved with PEG 4000 resulting in an HCP depletion of ?80% respectively to IgG. Dissolution was executed with a sodium phosphate buffer (pH = 5/50 mM) reaching an IgG recovery of ?95%. However, the central challenge in process development is still an optimal process design, which is transferable for a broad molecular variety of new products. This is where rigorous modeling becomes vital in order to generate digital twins to support early-stage process development and reduce the experimental overhead. Therefore, a model development and validation concept for construction of a process model for precipitation is also presented.
Introduction
Due to the rising demand of biopharmaceuticals and the progress that has been made in upstream processing (USP) over the past decades, downstream processing (DSP) has to overcome bottlenecks in purification to handle constantly increasing titers and process volumes [1, 2] . Protein A chromatography was identified as the critical point in monoclonal antibody (mAb) purification due to its costs for resins and relatively low capacity compared to alternative chromatography steps like ion exchange chromatography (IEX) [3] . Moreover, Protein A resins are not tolerant towards cleaning agents, on account of fragility of the immobilized Protein A. All of this results in a limited lifecycle and a demand on finding new solutions for unit operations or the reactivation of already existing ones [4] [5] [6] [7] [8] .
Precipitation might have all it takes to overcome the disadvantages mentioned above [9] . It is a relatively simple unit, which can be used for volume and impurity reduction. It does not need a complex equipment setup but rather a continuous stirred tank reactor (CSTR) or a tubular reactor as well as a filter for solid-liquid separation. Further, precipitation is described as quite a fast process, which leads to shortened dwell times. Furthermore, it is able to deal with high process volumes and even more important with rising titers. In addition to that, it is easy scalable and various working groups have already proven the feasibility of continuous operation [10] [11] [12] [13] .
Alongside the promising advantages for purification, several obstacles must be overcome first. The biggest disadvantage is the selectivity of precipitation. Some working groups have paid attention Figure 1 . Current benchmark process for downstream processing (DSP) using the example of a purification of a monoclonal antibody (mAb) in comparison to an alternative process substituting protein A chromatography as captured through a combination of aqueous two-phase extraction (ATPE) and precipitation.
Process Integration Applying Quality by Design
Due to varying manufacturing processes in different companies, several entities like FDA (U.S. Food and Drug Administration), EMA (European Medicines Agency), PDA (Parenteral Drug Association), and ICH (International Council for harmonization of Technical Requirements for Pharmaceuticals for Human Use) claimed a coherent manufacturing practice to ensure a consistent product quality. Therefore, the quality by design approach (QbD) was introduced, which is becoming the new standard procedure for process development practice [44] [45] [46] [47] [48] .
Sixt et al. [49] proposed a general approach based on validated process modelling, shown in Figure 2 , to find the optimal operating parameters to result in the demanded product quality. At first, a quality target product profile (QTPP) is defined, followed by the determination of critical quality attributes (CQAs). Subsequently, a risk assessment is conducted, which is part of a risk management with the purpose of establishing known and hypothetical links between resources, equipment, and operating parameters. FDA, EMA, PDA, and ICH suggested tools like the Ishikawa diagram, shown in Figure 3 , as well as the execution of a failure-mode-effect-analysis (FMEA) for the implementation of a new process using the QbD approach.
To ensure the demanded product quality, a design space is derived from one parameter at a time studies in the scope of FMEA. Traditionally, this determination is done by empirical approaches like high-throughput experiments or design of experiments (DoE) but can also be supported through simulation aiming to reduce the experimental overhead. This is where mechanistic modeling becomes vital as a powerful tool to save time and monetary resources to investigate new process parameter ranges. Finally, a control strategy is implemented to monitor and control the process via process analytical technology (PAT).
In this work, a QbD approach will be applied for the unit operation precipitation. To begin with, the target product profile is determined, which contains information about the structure of the target molecule. In addition, the limits are set, which must be met as quality requirements to retain biological functionality. Secondly, purity respectively to critical host cell proteins (HCPs) and the recovery of the antibody are set as critical quality attributes. As objectives for these two criteria, the intermediate product purity of ≥80% and a mAb recovery of ≥95% are desired. Moreover, the remaining PEG content has to be taken into account, because it is harmful to the following unit operation. The remaining PEG content should not exceed less than or equal to 5 wt%. Figure 1 . Current benchmark process for downstream processing (DSP) using the example of a purification of a monoclonal antibody (mAb) in comparison to an alternative process substituting protein A chromatography as captured through a combination of aqueous two-phase extraction (ATPE) and precipitation.
In this work, a QbD approach will be applied for the unit operation precipitation. To begin with, the target product profile is determined, which contains information about the structure of the target molecule. In addition, the limits are set, which must be met as quality requirements to retain biological functionality. Secondly, purity respectively to critical host cell proteins (HCPs) and the recovery of the antibody are set as critical quality attributes. As objectives for these two criteria, the intermediate product purity of ≥80% and a mAb recovery of ≥95% are desired. Moreover, the remaining PEG content has to be taken into account, because it is harmful to the following unit operation. The remaining PEG content should not exceed less than or equal to 5 wt%. Like mentioned above, the conducted risk assessment is divided into two parts, risk factor determination (Ishikawa) with respect to material, management, process parameters, and environmental impacts, as well as equipment and their evaluation of various impacts through FMEA. The Ishikawa branch "Environmental impacts" is not further considered in this study because the process is completely done in laboratory surroundings. Furthermore, material impacts are split into feed properties that define the separation task and solvent properties that influence dissolution of the target component.
Subsequent to the Ishikawa diagram, which has led to the narrowing of the parameters to be examined, the FMEA is used as a tool to finding optimal operating parameters experimentally (foundation for experimental design to be found in Table A1 in Appendix A). Furthermore, it is used to evaluate the resulting effects on the target component due to varying process parameters. The series of experiments is also divided into two parts: Precipitation and dissolution. The first part deals with the actual precipitation of the target protein, but also with the subsequent solid-liquid separation of precipitate and supernatant. Here, all influencing factors of the process parameter branch like temperature, mixing time, stirring rate, precipitant ratio, as well as a precipitate wash are investigated. In part two, solvent properties are examined. Dissolution can be influenced by a suitable buffer, which promotes dissolution of IgG. Thereby, consideration how to precipitate most effectively must be reversed. Adjusting screws in this context are ionic strength and pH value as well as dissolution buffer ratio and dwell time. All investigated parameters from both parts are sorted into groups with no, low, medium, and high influence on the particular variable, and are evaluated in relation to purity and mAb recovery. Figure 3 . Risk assessment conducted for the unit operation precipitation shown as Ishikawa diagram.
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For deeper process comprehension the procedure as well as the flow chart are presented shortly. The procedure of the precipitation unit is segmented into the following steps and is shown in Figure 4 in detail:
1.
Precipitation of IgG; 2.
Loading of hollow fiber membrane; 3.
Precipitate wash; 4.
Dissolution of the target; 5.
Filtration (intermediate product).
Hereafter, the defined states: Precipitation, loading, wash, dissolution, and intermediate are used as independent terms for process description. Precipitation takes place in a CSTR (red dashed lines). Followed, by solid-liquid separation of the mixture through a hollow fiber module. Afterwards, the permeate is processed further into a waste tank (waste 1) and, thus, the precipitate dewatered. After loading, superficial impurities are eliminated through a washing step. During this time, the precipitate is still in solid phase and remains onto the inner surface of the fibers (green dashed lines). Fourthly, dissolution is carried out by recycling a suitable buffer alongside the fibers for a certain dwell time. Finally, the recycled buffer, enriched with re-dissolved mAb, is filtrated through the hollow fiber membrane and the intermediate product is obtained. From here onwards, further purification steps are performed. Each process step and its process parameters are depicted in Appendix A in Table A2 . For deeper process comprehension the procedure as well as the flow chart are presented shortly. The procedure of the precipitation unit is segmented into the following steps and is shown in Figure 4 in detail: Hereafter, the defined states: Precipitation, loading, wash, dissolution, and intermediate are used as independent terms for process description. Precipitation takes place in a CSTR (red dashed lines). Followed, by solid-liquid separation of the mixture through a hollow fiber module. Afterwards, the permeate is processed further into a waste tank (waste 1) and, thus, the precipitate dewatered. After loading, superficial impurities are eliminated through a washing step. During this time, the precipitate is still in solid phase and remains onto the inner surface of the fibers (green dashed lines). Fourthly, dissolution is carried out by recycling a suitable buffer alongside the fibers for a certain dwell time. Finally, the recycled buffer, enriched with re-dissolved mAb, is filtrated through the hollow fiber membrane and the intermediate product is obtained. From here onwards, further purification steps are performed. Each process step and its process parameters are depicted in Appendix A in Table A2 . Figure 4 . Experimental setup of precipitation unit using a hollow fiber module to capture mAb precipitates and subsequently using IEX buffer for dissolution as a preparation for the next downstream purification step.
Crucial points during operation are the complete and selective precipitation of IgG as well as the dissolution of precipitate. Most important during the unit operation is that the mAb retains its biological activity, which is given by correct retention of the glycosylation [51, 52] .
Generally speaking, a turbidity probe can be used to monitor precipitation progress as control strategy, but not for IgG precisely. Further, turbidity and conductivity probes can be used to detect progress during dissolution. Due to the fact that precipitation is a data-rich process Raman and ATR-FTIR in combination with partial-least square regression (PLS) as well as NIR and MIR come in consideration for monitoring and controlling a precipitation process. Crucial points during operation are the complete and selective precipitation of IgG as well as the dissolution of precipitate. Most important during the unit operation is that the mAb retains its biological activity, which is given by correct retention of the glycosylation [51, 52] .
Generally speaking, a turbidity probe can be used to monitor precipitation progress as control strategy, but not for IgG precisely. Further, turbidity and conductivity probes can be used to detect progress during dissolution. Due to the fact that precipitation is a data-rich process Raman and ATR-FTIR in combination with partial-least square regression (PLS) as well as NIR and MIR come in consideration for monitoring and controlling a precipitation process.
Material and Methods
Cultivation
The production of an immunoglobulin (IgG) was accomplished through cultivation of Chinese hamster ovary cells (CHO DG44) in a serum-free commercial medium (CellcaCHO Expression Platform, Sartorius Stedim Biotech GmbH, Göttingen, Germany) utilizing a 2 L bioreactor (Biostat ® B, Sartorius Stedim Biotech GmbH, Göttingen, Germany). Culture conditions were 36.8 • C, pH = 7.1, 60% pO2, and 433 rpm with a fed-batch operating mode starting after 72 h. Offline viable and total cell concentration were repeatedly determined by using a Neubauer chamber (BRAND GMBH + CO KG, Wertheim, Germany), microscope (Motic BA 310, Motic Deutschland GmbH, Wetzlar, Germany), and trypan blue solution (0.4%, Sigma-Aldrich, St. Louis, MO, USA) as dye for the detection of dead cells. Glucose and lactate were repeatedly measured using a LaboTRACE compact (TRACE Analytics GmbH, Braunschweig, Germany).
Aqueous Two Phase Extraction (ATPE)
ATPE was accomplished to produce the feed for precipitation with the procedure previously described in Schmidt et al. [53, 54] . The ATP system consisted of 44.5% broth (in-house cultivation), 15.5% PEG400 (Merck KGaA, Darmstadt, Germany), and 40% of a 40 wt% phosphate buffer.
Precipitation
Precipitation was accomplished after ATPE from light phase (LP) using a PEG 4000 stock solution (40 wt%, pellets, Sigma Aldrich, dissolved in 60 wt% HQ H 2 O). The light phase of ATPE is a mixture of water, PEG 400, and phosphate, which may influence the subsequent precipitation. To begin with, the light phase (LP) is introduced into the CSTR, with a total volume of 600 mL, and stirred at 300 rpm. Rapid stirring had to be avoided in prevention of foaming due to PEG 400 fraction in LP. Afterwards, to start the precipitation, PEG 4000 stock solution is added until the mixture is adjusted to a final PEG content of 12 wt%, respectively, to the protein in the mixture. Precipitation time was set to 10 min.
Solubility experiments to determine the precipitant most suitable for the operation were carried out in 50 mL Falcons ® (VWR ® , Darmstadt, Germany).
Solid-Liquid Separation and Precipitate Wash
Solid-liquid separation is performed using a hollow fiber module with a pore size of 0.2 µm (470 cm 2 , Midikros, Repligen Corporation, Rancho Dominguez, CA, USA). After loading, the precipitate was purified with an additional washing step utilizing a PEG 4000 solution (12 wt%). Volume of the washing solution is equal to the volume of the feed. During the washing step, precipitates remain in solid phase onto the inner surface of the hollow fibers.
Dissolution
Dissolution was carried out by recycling a 50 mM, sodium dihydrogen phosphate/disodium phosphate buffer at pH = 5 alongside the fibers. The dissolution buffer coincides with the operating buffer for the following IEX chromatography. The motivation of using this buffer for dissolution is to eliminate the dia/ultrafiltration step for buffer and concentration adjustment in the benchmark process shown in. During dissolution, the buffer volume is recycled 10 times, whereby; Dwell time for dissolution is enlarged while the buffer volume is kept constant. Finally, the recycled buffer, which is enriched with dissolved mAb, is filtrated through the hollow fiber membrane, and passed into a third tank as intermediate product.
For evaluation of the effects of pH-value and ionic strength on dissolution, a DoE with varying dissolution buffers differing in pH-value (pH = 3/5/5, 5/6) and ionic strength (20/30/40/50/100/150 mM) was conducted. A full factorial design was used including a center point (triple determination). 
Screening of Washing Solutions
Experiments were carried out in 50 mL Falcons ® (VWR ® , Darmstadt, Germany). Light phase and PEG 4000 stock solution are mixed until PEG 4000 reaches a fraction of 12 wt%, respective to the protein content. Precipitation is conducted for 10 min and then centrifuged for 5 min by 1000 rpm. Solid-liquid separation is done gently to prevent tight agglomerate formation due to obviate dissolution difficulties. Dissolution was carried out with a sodium dihydrogen phosphate/ disodium phosphate buffer (pH = 5; 50 mM).
Analytics
The monoclonal antibody was quantified by Protein A chromatography (PA ID Sensor Cartridge, Applied Biosystems, Bedford, MA, USA). Dulbecco's PBS buffer (Sigma-Aldrich, St. Louis, MO, USA) was used as loading buffer at pH 7.4 and as elution buffer at pH 2.6. The size exclusion chromatography (SEC) was done by using a Yarra™ 3 µm SEC 3000 column (Phenomenex Ltd., Aschaffenburg, Germany) with 0.1 M Na 2 SO 4 , 0.05 M Na 2 HPO 4 , and 0.05 M NaH 2 PO 4 (Merck KGaA, Darmstadt, Germany) as a buffer system. The absorbance for both methods was monitored at 280 nm.
Results
First, the results of the conducted FMEA segmented in precipitation and dissolution are presented. All investigated parameters are assessed in the groups with no, low, medium, and high influence and the results are shown in Table A3 . Following, characterizations studies were accomplished to deepen process comprehension and create a scientific foundation for further process model development.
Results Risk Assessment: Precipitation
To begin with the influencing factors on precipitation like temperature, selection of precipitant as well as mixing time are presented. Subsequently, the results of the influencing factors on dissolution are shown. Thereby, ionic strength, pH value, effect of precipitate wash, buffer volume for dissolution, and quantity of dissolution cycles are evaluated.
Temperature
In general, temperature has an effect on precipitation, due to a decrease of solubility of proteins while temperature reduction occurs. This is common knowledge in crystallization. In the context of process development using a QbD approach and the evaluation of all influencing factors in relation to purity and recovery, there is a shift in apprehension. This becomes more comprehensive in Figure 5 , where the light phase is depicted at 25 • C as reference (grey line) and the same light phase at 10 • C (red line) as well as at 4 • C (green line). As one can see, precipitation occurred at both temperatures and the precipitated proteins are more or less similar because the chromatograms are almost alike. Both target and side components precipitated because of the temperature shift. The ratio of precipitated HCPs and target component is approximately equal, which leads to the conclusion that temperature has a general effect on solubility of proteins, but it is not selective enough for quality adjustment. In a second step, the feasibility of dissolution of the precipitated proteins was tested (blue and purple line). Analytics showed that dissolution of precipitated proteins are very poor. Because of the reasons mentioned above, temperature is not further investigated in this study as an auxiliary to promote precipitation. 
Mixing Time
Mixing time was determined by using a turbidity probe during precipitation and is depicted in Figure 6 . Due to the strong slope in the beginning, it can be concluded that most of the precipitation process happens immediately. It can also be seen that the turbidity signal is almost constant level after 10 min, which leads to the assumption that precipitation of all insoluble proteins is completed after that time. To evaluate the precipitation and its selectivity samples were analyzed with SEC. The chromatogram of the feed solution, here light phase conducted through ATPE, is shown as starting point (grey line) for separation task as well as the chromatogram of the supernatant after precipitation (red line). The analysis of the supernatant after 10 min shows that no IgG and mostly HCPs remain in the supernatant. In implication, it can be said that 100% of mAb must be precipitated. Therefore, dwell time for all subsequent experiments is set to 10 min mixing and precipitation time. Usually, stirring and mixing effects are crucial for crystallization, because the process itself is a lot slower than precipitation. Nonetheless, stirring rate varied between 200 and 400 rpm to evaluate associated mixing effects. Even with varying numbers of revolutions, no differences in turbidity signal could be seen, therefore stirring rate and mixing effects are not further considered in this study. 
Mixing time was determined by using a turbidity probe during precipitation and is depicted in Figure 6 . Due to the strong slope in the beginning, it can be concluded that most of the precipitation process happens immediately. It can also be seen that the turbidity signal is almost constant level after 10 min, which leads to the assumption that precipitation of all insoluble proteins is completed after that time. To evaluate the precipitation and its selectivity samples were analyzed with SEC. The chromatogram of the feed solution, here light phase conducted through ATPE, is shown as starting point (grey line) for separation task as well as the chromatogram of the supernatant after precipitation (red line). The analysis of the supernatant after 10 min shows that no IgG and mostly HCPs remain in the supernatant. In implication, it can be said that 100% of mAb must be precipitated. 
Mixing time was determined by using a turbidity probe during precipitation and is depicted in Figure 6 . Due to the strong slope in the beginning, it can be concluded that most of the precipitation process happens immediately. It can also be seen that the turbidity signal is almost constant level after 10 min, which leads to the assumption that precipitation of all insoluble proteins is completed after that time. To evaluate the precipitation and its selectivity samples were analyzed with SEC. The chromatogram of the feed solution, here light phase conducted through ATPE, is shown as starting point (grey line) for separation task as well as the chromatogram of the supernatant after precipitation (red line). The analysis of the supernatant after 10 min shows that no IgG and mostly HCPs remain in the supernatant. In implication, it can be said that 100% of mAb must be precipitated. Therefore, dwell time for all subsequent experiments is set to 10 min mixing and precipitation time. Usually, stirring and mixing effects are crucial for crystallization, because the process itself is a lot slower than precipitation. Nonetheless, stirring rate varied between 200 and 400 rpm to evaluate associated mixing effects. Even with varying numbers of revolutions, no differences in turbidity signal could be seen, therefore stirring rate and mixing effects are not further considered in this study. Therefore, dwell time for all subsequent experiments is set to 10 min mixing and precipitation time. Usually, stirring and mixing effects are crucial for crystallization, because the process itself is a lot slower than precipitation. Nonetheless, stirring rate varied between 200 and 400 rpm to evaluate Processes 2020, 8, 58 9 of 23 associated mixing effects. Even with varying numbers of revolutions, no differences in turbidity signal could be seen, therefore stirring rate and mixing effects are not further considered in this study.
Precipitant
The precipitant has a major influence on product quality and purity. In this study, PEGs with molecular weights of 1450, 4000, 6000, 8000, and 12,000 were tested. Due to prior knowledge, PEG 4000 and PEG 6000 are suitable for IgG precipitation. For our system solubility, curves of the IgG were conducted, but using fermentation broth to evaluate whether behavior of precipitation with varying PEGs is different compared to precipitation of IgG out of a solution with IgG only. Further, behavior of precipitation directly from light phase were conducted to evaluate the influence of PEG 400 and salt fraction in light phase on precipitation. In Figure 7 , the solubility curve of IgG precipitated out of light (left) as well as the reduction of HCPs with increasing PEG concentrations are displayed. It can be seen that, with increasing molecular weight of PEG, the solubility of proteins decreased drastically. PEGs with molecular weight of 4000 and higher show a similar precipitation effectiveness and result in complete precipitation of IgG at a PEG weight percentage of 9. Compared to other works, PEG 4000 content is needed for lower complete precipitation [28, 31] , but can be explained by additional effect of excluded volume and attractive depletion caused by PEG 400 fraction in LP. Moreover, the solubility of undesired HCPs was examined and ascertained that ≥75% of HCPs stay in solution until a molecular weight of PEG 8000 inclusively. The effects of excluded volume and attractive depletion predominate in PEG 12,000 with the result that smaller proteins also co-precipitate alongside with the target component.
In contrast, PEG 1450 shows the best solubility for HCPs, but a lot higher PEG fraction is needed for complete precipitation than for PEG 4000. Moreover, the final content of PEG has to be minimized. Therefore, PEG 4000 was chosen for precipitation because it was similarly effective as PEGs with a higher molecular weight while keeping more HCPs in solution. The precipitant has a major influence on product quality and purity. In this study, PEGs with molecular weights of 1450, 4000, 6000, 8000, and 12,000 were tested. Due to prior knowledge, PEG 4000 and PEG 6000 are suitable for IgG precipitation. For our system solubility, curves of the IgG were conducted, but using fermentation broth to evaluate whether behavior of precipitation with varying PEGs is different compared to precipitation of IgG out of a solution with IgG only. Further, behavior of precipitation directly from light phase were conducted to evaluate the influence of PEG 400 and salt fraction in light phase on precipitation. In Figure 7 , the solubility curve of IgG precipitated out of light (left) as well as the reduction of HCPs with increasing PEG concentrations are displayed. It can be seen that, with increasing molecular weight of PEG, the solubility of proteins decreased drastically. PEGs with molecular weight of 4000 and higher show a similar precipitation effectiveness and result in complete precipitation of IgG at a PEG weight percentage of 9. Compared to other works, PEG 4000 content is needed for lower complete precipitation [28, 31] , but can be explained by additional effect of excluded volume and attractive depletion caused by PEG 400 fraction in LP. Moreover, the solubility of undesired HCPs was examined and ascertained that ≥75% of HCPs stay in solution until a molecular weight of PEG 8000 inclusively. The effects of excluded volume and attractive depletion predominate in PEG 12,000 with the result that smaller proteins also co-precipitate alongside with the target component. In contrast, PEG 1450 shows the best solubility for HCPs, but a lot higher PEG fraction is needed for complete precipitation than for PEG 4000. Moreover, the final content of PEG has to be minimized. Therefore, PEG 4000 was chosen for precipitation because it was similarly effective as PEGs with a higher molecular weight while keeping more HCPs in solution. 
Precipitate Wash
Precipitate wash was conducted to eliminate superficial impurities and enhance purity of the intermediate product. As washing solution, a buffer is needed that supplies minimal solubility for the precipitated mAb to ensure that IgG stays in its agglomerated form and only impurities are washed away from the surface. Therefore, a saturated ammonium sulfate as well as a sodium sulfate were applied as washing solution. Both are widely used in sample preparation and are predestinated for precipitation of proteins. Further, a HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 50 mM) at pH = 7 was used because it showed promising results in works of Li et al. [12] . Finally, PEG 4000 (12 wt%), which was utilized as precipitation agent, was also tested as washing solution. 
Precipitate wash was conducted to eliminate superficial impurities and enhance purity of the intermediate product. As washing solution, a buffer is needed that supplies minimal solubility for the precipitated mAb to ensure that IgG stays in its agglomerated form and only impurities are washed away from the surface. Therefore, a saturated ammonium sulfate as well as a sodium sulfate were applied as washing solution. Both are widely used in sample preparation and are predestinated for precipitation of proteins. Further, a HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Processes 2020, 8, 58 10 of 23 50 mM) at pH = 7 was used because it showed promising results in works of Li et al. [12] . Finally, PEG 4000 (12 wt%), which was utilized as precipitation agent, was also tested as washing solution.
Washing with ammonium sulfate was not feasible due to intense flocculation, which could not be re-dissolved; therefore, analytics were aggravated. In Figure 8 , the results of the three other wash solutions are depicted. On the left side, the SEC-chromatogram of the waste after washing is displayed. It can be seen that in the case of sodium sulfate solution and HEPES buffer, mAb is found in the supernatant after washing which is highly undesirable. Therefore, both solutions are not suitable as washing solutions for mAb precipitates due to yield loss. In contrast, PEG 4000 solution has a very poor solubility for IgG, therefore no IgG is found in the supernatant after washing. On the right side, the SEC-Chromatogram of the supernatant after dissolution is displayed. Washing with ammonium sulfate was not feasible due to intense flocculation, which could not be re-dissolved; therefore, analytics were aggravated. In Figure 8 , the results of the three other wash solutions are depicted. On the left side, the SEC-chromatogram of the waste after washing is displayed. It can be seen that in the case of sodium sulfate solution and HEPES buffer, mAb is found in the supernatant after washing which is highly undesirable. Therefore, both solutions are not suitable as washing solutions for mAb precipitates due to yield loss. In contrast, PEG 4000 solution has a very poor solubility for IgG, therefore no IgG is found in the supernatant after washing. On the right side, the SEC-Chromatogram of the supernatant after dissolution is displayed. Nevertheless, a washing step after solid-liquid separation is reasonable because superficial purities are washed away and product purity is enhanced, which can be seen in Figure 9 . Light phase serves as starting point and gives an indication how many HCPs have to be eliminated and whether mAb recovery was successful or not. It becomes obvious that the experiment without a precipitate wash (blue line) exhibits more HCPs than the intermediate product treated with a precipitate wash. Furthermore, recovery of both procedures is comparable. Therefore, a washing step is included in standard precipitation process. Nevertheless, a washing step after solid-liquid separation is reasonable because superficial purities are washed away and product purity is enhanced, which can be seen in Figure 9 . Light phase serves as starting point and gives an indication how many HCPs have to be eliminated and whether mAb recovery was successful or not. It becomes obvious that the experiment without a precipitate wash (blue line) exhibits more HCPs than the intermediate product treated with a precipitate wash. Furthermore, recovery of both procedures is comparable. Therefore, a washing step is included in standard precipitation process. Washing with ammonium sulfate was not feasible due to intense flocculation, which could not be re-dissolved; therefore, analytics were aggravated. In Figure 8 , the results of the three other wash solutions are depicted. On the left side, the SEC-chromatogram of the waste after washing is displayed. It can be seen that in the case of sodium sulfate solution and HEPES buffer, mAb is found in the supernatant after washing which is highly undesirable. Therefore, both solutions are not suitable as washing solutions for mAb precipitates due to yield loss. In contrast, PEG 4000 solution has a very poor solubility for IgG, therefore no IgG is found in the supernatant after washing. On the right side, the SEC-Chromatogram of the supernatant after dissolution is displayed. Nevertheless, a washing step after solid-liquid separation is reasonable because superficial purities are washed away and product purity is enhanced, which can be seen in Figure 9 . Light phase serves as starting point and gives an indication how many HCPs have to be eliminated and whether mAb recovery was successful or not. It becomes obvious that the experiment without a precipitate wash (blue line) exhibits more HCPs than the intermediate product treated with a precipitate wash. Furthermore, recovery of both procedures is comparable. Therefore, a washing step is included in standard precipitation process. 
Results Risk Assessment: Dissolution
In this section, the results of the FMEA dealing with the dissolution of precipitates are presented. As already mentioned, the approach to the result in complete dissolution is to think reversely to precipitation. Every effort that was made to make sure that the most full precipitation possible can be applied reversely.
Ionic Strength and pH-Value
The effects of ionic strength and pH value on mAb recovery and purity are evaluated through a DoE that is accomplished with distinct dissolution buffers (varying pH and ionic strength). The statistical analysis of the data obtained from the DoE is done by using JMP ® software (SAS). For this purpose, a model is adapted, which can be used in the further course for the prediction of onward experimental point. The model accuracy is given by R 2 , which lies between zero and one and should be close to one for a good prognosis. In addition, the p-value indicates how reliable the data described by the model is and whether it is in the range of the significance level. The significance level here is defined to p = 0.05.
In the case of recovery, results of the statistical analysis are shown in Figure 10 . On the left side, the actual recovery is plotted over the predicted recovery. It can be seen that the model is capable of a veridical prediction due to a R 2 = 0.92 and a p-value of 0.0001. The effect tests have shown that the model accuracy is due to the ionic strength (center), since the pH has no significant effect on the yield of the antibody. This is expressed by the p-value of 0.1982.
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Determination of PEG Content
One of the critical parameters, determined in the risk assessment, is the PEG content remaining in the intermediate product. Therefore, a method to investigate this parameter is necessary. With ATR-FTIR spectroscopy, a fingerprint scope of PEG (900-1600 nm) can be detected. The fingerprint scope of IgG lies between 1600 and 1700 nm but is overlaid by the characteristic peak of water. Nevertheless, IgG can be visualized by the second derivation of the FTIR spectrum [28] . In this way, ATR-FTIR can be used to determine the PEG content and is feasible to give a rapid statement about the structure of IgG after precipitation and the retention of its biological activity.
One challenge of this analytical method is that FTIR spectra are a data-rich source, which need to be simplified. In this context, partial-least-square regression (PLS) is used to extract more information from spectral data and evaluate it in relation to principal components. The PLS-model is built with calibration sets of PEG 400 and PEG 4000. Subsequently, the model was validated with a validation set containing different aqueous mixtures of PEG 400 and PEG 4000 to enhance the model consistency. PEG 400 was analyzed due to the fact that the light phase from ATPE contains about 20 wt% of PEG 400. This might be a possible contaminate in the intermediate product, which affects the solubility of mAb. In Figure 12 , two of the dilution sets are shown, which were used for model calibration. On the left, a training set with varying concentrations of PEG 4000 is depicted in the fingerprint scope of PEG. Similar training sets were also conducted for PEG 400 (data not shown). On the right side, a validation set is shown, which contains a mixture of PEG 400 (increasing content from 2 to 20 wt%) and PEG 4000 (decreasing content from 20 to 2 wt%). It can be seen that the spectral data of mixtures with PEG 400 and PEG 4000 are very similar on first sight. The aim of this model is to predict and distinct PEG fractions in the intermediate product after precipitation.
As described above, PLS condenses data points to principle components, which are also described as factors. The goal is to represent the totality of the all data points with as few factors as possible. Therefore, the model uses the explained variance to indicate how many factors are necessary to represent the entirety of the data points. This is depicted in Figure A1 in Appendix A. The blue line is the explained variance of the model within the calibration set and the red line depicts its validation. In this case, three factors are enough to describe the evaluated data. Linear combinations of water, PEG 4000, and PEG 400 and their accuracy, given by R-square, are also shown in Model output: (a) describes the relation between principle components and variance of spectral data. Plots (b-d) indicate the model accuracy of predicted vs. reference data for the three investigated components water (b), PEG 4000 (c) and PEG 400 (d). PEG 400 exhibits the best accuracy between predicted and reference data with a R 2 = 0.993. Results for water (R 2 = 0.963) and PEG 4000 (R 2 = 0.931) are also reasonable. With the presented model, it is possible to predict the content of water, PEG 400, and PEG 4000 separately. Analysis of the intermediate product after precipitation and dissolution resulted in remaining PEG 4000 content of 2-5 wt%. Results were also verified with SEC chromatography. PEG 400 could not be detected and, therefore, is not harmful for further purification steps. 
Dissolution Cycles and Recovery
One dissolution cycle means a full circulation of buffer in the experimental set up. The amount of cycles varied to get an indication about resolution of mAb precipitates and its kinetics. Samples have been taken after every dissolution cycle and are plotted as a time curve in Figure 13 . It can be seen that during the first three cycles, which means a dwell time of approximately 20 min, most of the dissolution is already terminated. This can be explained by the high concentration gradient at the beginning. Afterwards, dissolution stagnates and the thermodynamic equilibrium is reached. In chapter 0, it was already mentioned that the remaining PEG content is crucial for following unit operations. Additionally, it is also important for determining mAb recovery. It was ascertained that with the described precipitation procedure, a remaining content between 2-5 wt% of PEG is reached. Looking at the solubility curve in Figure 7 , it can be seen that the thermodynamic equilibrium for this PEG fraction lies at 50%-95% of mAb recovery. Therefore, dissolution ratio was varied, and the results are depicted in Figure 13 also. 
One dissolution cycle means a full circulation of buffer in the experimental set up. The amount of cycles varied to get an indication about resolution of mAb precipitates and its kinetics. Samples have been taken after every dissolution cycle and are plotted as a time curve in Figure 13 . It can be seen that during the first three cycles, which means a dwell time of approximately 20 min, most of the dissolution is already terminated. This can be explained by the high concentration gradient at the beginning. Afterwards, dissolution stagnates and the thermodynamic equilibrium is reached. In chapter 0, it was already mentioned that the remaining PEG content is crucial for following unit operations. Additionally, it is also important for determining mAb recovery. It was ascertained that with the described precipitation procedure, a remaining content between 2-5 wt% of PEG is reached. Looking at the solubility curve in Figure 7 , it can be seen that the thermodynamic equilibrium for this PEG fraction lies at 50%-95% of mAb recovery. Therefore, dissolution ratio was varied, and the results are depicted in Figure 13 also. Figure 13 . Recovery of mAb during dissolution. One dissolution cycle means that the full volume of the dissolution buffer passed through the experimental setup. The buffer was recycled to enhance dwell time with a constant volume ratio of feed and dissolution buffer. The dissolution behavior has been studied in various experiments during this survey and showed the same course multiple times. For this reason, the full dissolution curve has not been recorded for the dissolution buffer ratio, but rather only the equilibrium value at the end has been determined ( Figure 13 ). With an increasing amount of dissolution buffer, the PEG content is reduced and as a consequence of this, thermodynamic equilibrium is shifted to almost 100% recovery. Due to the fact that the utilized dissolution buffer (50 mM, Sodium phosphate buffer at pH = 5) is simultaneously the operating buffer for the following IEX, volume can be easily reduced by a subsequent diafiltration step. Based on the size distinction between PEG 4000 and IgG (150 kDa), volume reduction in diafiltration should proceed without precipitation issues. Most yield issues in the diafiltration have been caused due to the buffer exchange, not the volume reduction.
Modeling of Precipitation
In the present work, an experimental QbD approach was presented, which allows conclusions about the effort of the process development by means of DoE. An alternative way to conduct the QbD approach would be to support process development by generating a suitable process model for the unit operation precipitation and thereby reduce the experimental overhead to find the optimal operating space. Furthermore, operating parameters can be tested that cannot be implemented in experiments under normal conditions due to the hazard potential. This in turn leads to a deeper understanding of the process and prepares for unwanted incidents. Due to the fact that the use of models is still sparse because of validation, Sixt et al. established a workflow that ensures the development of valid physico-chemical models [49] . This has already been described in various papers and the execution was shown using the example of liquid-liquid [55] and solid-liquid extraction [49] , chromatography [56] , and cultivation [57] .
The process described above consists of three different parts that have to be distinguished for model building: Precipitation, filtration, and dissolution ( Figure 14) . For each subarea, a separate model must be set up before it can be linked to a rigorous physico-chemical process model. Thereby, the model must be able to predict filterability as a function of filter surface area, pressure drop, permeate flux, and viscosity, as well as mAb concentration of the feed. Further, yield and purity must be included as a function of ionic strength, pH value, PEG content, and dissolution ratio. The dissolution behavior has been studied in various experiments during this survey and showed the same course multiple times. For this reason, the full dissolution curve has not been recorded for the dissolution buffer ratio, but rather only the equilibrium value at the end has been determined ( Figure 13 ). With an increasing amount of dissolution buffer, the PEG content is reduced and as a consequence of this, thermodynamic equilibrium is shifted to almost 100% recovery. Due to the fact that the utilized dissolution buffer (50 mM, Sodium phosphate buffer at pH = 5) is simultaneously the operating buffer for the following IEX, volume can be easily reduced by a subsequent diafiltration step. Based on the size distinction between PEG 4000 and IgG (150 kDa), volume reduction in diafiltration should proceed without precipitation issues. Most yield issues in the diafiltration have been caused due to the buffer exchange, not the volume reduction.
The process described above consists of three different parts that have to be distinguished for model building: Precipitation, filtration, and dissolution ( Figure 14) . For each subarea, a separate model must be set up before it can be linked to a rigorous physico-chemical process model. Thereby, the model must be able to predict filterability as a function of filter surface area, pressure drop, permeate flux, and viscosity, as well as mAb concentration of the feed. Further, yield and purity must be included as a function of ionic strength, pH value, PEG content, and dissolution ratio. Thus far, no process model has been described in literature for the total process of precipitation. Nevertheless, the following model approaches have been made for precipitation. To begin with, correlations describing equilibrium and solubility of proteins have been found [40, 58] and extended for the change in solubility in presence of PEG molecules [32, 34, 36, 59] . Further, empirical models like quantitative structure-activity relationship (QSAR) are applied to predict the discontinuity point of proteins in presence of PEG molecules [35, 36] . Moreover, model approaches derived from a mechanistic model approach for crystallization are described also for precipitation [60] [61] [62] [63] [64] [65] . These models are built with population balances and contain detailed information about nucleation, birth, growth, and disruption of crystals or agglomerates. This becomes indeed vital for crystallization processes because shape and size distributions are important information during operation. In the case of precipitation, this becomes less important because the precipitates itself are not the final product. Precipitation is just a temporary state and, therefore, population balances compromise non- Thus far, no process model has been described in literature for the total process of precipitation. Nevertheless, the following model approaches have been made for precipitation. To begin with, correlations describing equilibrium and solubility of proteins have been found [40, 58] and extended for the change in solubility in presence of PEG molecules [32, 34, 36, 59] . Further, empirical models like quantitative structure-activity relationship (QSAR) are applied to predict the discontinuity point of proteins in presence of PEG molecules [35, 36] . Moreover, model approaches derived from a mechanistic model approach for crystallization are described also for precipitation [60] [61] [62] [63] [64] [65] . These models are built with population balances and contain detailed information about nucleation, birth, growth, and disruption of crystals or agglomerates. This becomes indeed vital for crystallization processes because shape and size distributions are important information during operation. In the case of precipitation, this becomes less important because the precipitates itself are not the final product. Precipitation is just a temporary state and, therefore, population balances compromise non-essential information. Additionally, a mechanistic model approach for the precipitation curve was presented by Großhans et al. [43] .
Previous work has already presented a general model development and validation concept, which can be used to construct physico-chemical models of unit operations [66] [67] [68] [69] [70] [71] [72] . The described process is broken down into the individual building blocks and described with physical principles and laws. The first part covers the equipment and the fluid dynamics to enable a scale-up of the system later on. Here, the residence time, mixing time, and energy balance are taken into account. The second step describes the kinetics of the process itself, which are underpinned by mass balances separately for precipitation, filtration, and dissolution. The model for precipitation is based on a reactive decrease of antibody concentration in the supernatant. This is further combined with solubility of IgG in presence of PEG [32] . Because precipitates remain in the filter, the geometry of the hollow fiber module has to be considered for the models of filtration and dissolution. For filtration with hollow fibers, various modeling approaches exist in the literature [73] [74] [75] . The model for dissolution is based on a distributed plug flow approach (DPF) linked with a pore diffusion model obtained from solid-liquid extraction [49] . Based on this, missing parameters and coefficients are determined, which adapt the model to the respective material system. Subsequently, the model is validated by conducting selected experiments under application of process analytical technology. In this way, the model can be adjusted quickly to different material systems. The general overview of the procedure is shown for the unit operation precipitation (Figure 15 ).
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2. Precipitation kinetics: solubility, mass balances [11] Figure 15. Model development and validation concept for the implementation of physico-chemical process models in biologics manufacturing. Concept is shown for the unit operation precipitation.
Conclusions
In this work, a DoE-based QbD approach has been presented for integration of precipitation in biologics manufacturing. The studies were conducted using the example of monoclonal antibodies and the precipitation of the target component IgG. With the accomplished DoE, a design space was found and evaluated in relation to mAb recovery and purity. It became obvious that precipitation with PEG 4000 with a weight percentage of 12 respective to protein is most suitable for complete precipitation. Moreover, a sodium phosphate buffer at a pH value of five and an ionic strength of 50 
In this work, a DoE-based QbD approach has been presented for integration of precipitation in biologics manufacturing. The studies were conducted using the example of monoclonal antibodies and the precipitation of the target component IgG. With the accomplished DoE, a design space was found and evaluated in relation to mAb recovery and purity. It became obvious that precipitation with PEG 4000 with a weight percentage of 12 respective to protein is most suitable for complete precipitation. Moreover, a sodium phosphate buffer at a pH value of five and an ionic strength of 50 mM is convenient for sufficient dissolution. Thereby, a dissolution ratio between 1:4 and 1:8 leads to satisfying recoveries ≥ 95%.
Unit operations form the building blocks of each industrial process. As shown, the experimental based process development is a time-consuming and expensive process, which needs to be redone as soon as the material system differs. In order to optimize process development for novel products, a model-based implementation approach can be used to support a resource efficient establishment.
It was discussed which requirements a process model must meet to obtain a valid rigorous physico-chemical model. The model should be capable of predicting filterability as a function of filter surface area, pressure drop, permeate flux, as well as viscosity.
Further, yield and purity must be included as a function of ionic strength, pH value, PEG content, and dissolution ratio. Thus, a development and validation concept was presented, which has already been successfully implemented for model building of valid physico-chemical models for other unit operations [49, 55, 56, 66, 72] . Due to the fact that the model is based on physical principals and laws, less experimental effort for parameter determination is necessary to transfer the model to novel material systems. Future works will focus on the transfer to new product platforms like antibody fragments, VLPs and exosomes. Dissolution is essential for recovery of product and leads to high yield loss and ineffectiveness of the unit. Parameters: selectivity, capacity, dissolution buffer ratio and dwell time. Table A2 . Overview of operating procedure for deeper process comprehension.
Appendix A
Process Step Flow Chart
Precipitation: Precipitant: PEG 4000 (12 wt%) VR = 600 mL τ = 10 min n = 300 rpm 
Process Step 3: Wash
Dissolution: Dissolution ratio can be adjusted by added volume of dissolution buffer Dissolution ration of 1:1 is desired Buffer volume is recycled 10 times to enlarge dwell time but small dissolution ratio 
Process Step 4: Dissolution
Dissolution: Dissolution ratio can be adjusted by added volume of dissolution buffer Dissolution ration of 1:1 is desired Buffer volume is recycled 10 times to enlarge dwell time but small dissolution ratio Table A2 . Overview of operating procedure for deeper process comprehension.
Process Step Flow Chart
Process Step 3: Wash
Dissolution: Dissolution ratio can be adjusted by added volume of dissolution buffer Dissolution ration of 1:1 is desired Buffer volume is recycled 10 times to enlarge dwell time but small dissolution ratio Table A3 . Results of the conducted DoE and evaluation of effects on product yield and purity. 
